Interference Effects During Burning in Air for
Experiments have been conducted for the determination of the evaporation constant and flame shapes of two and of five closely spaced droplets burning in air. Droplets of approxiInately the same and of different diameters were used at various distances between the droplet centers. The apparent flame shape, which was observed only for nheptane droplets, changes very little during burning. The square of the droplet diameter decreases linearly with time for fixed spacing between droplet centers, at least within the experimental limits of accuracy. In general, the average evaporation constant for two droplets, K', must be assullled either to vary continuously during burning or else to be a function of average initial drop diameter, jjo. The change of K' with time corresponds to the second derivative in plots of the square of the diameter vs. time. These second derivatives are not defined in our work because of unavoidable scatter of the experimental data. Attempts at understanding the observed results by considering published theories for single droplets, as well as groupings obtained from dimensional analysis, have been unsuccessful. It appears that the diffusion model for the heterogeneous burning of single fuel droplets will require serious revision and extension before the burning of droplets arrays and sprays can be understood quantitatively. Furthermore, the effective value of K' for a spray probably depends not only on the fuel-oxidizer system but also on the injection pattern. For this reason additional studies had best be carried out under conditions corresponding to those existing in service models. 2 Lt., U. S. Navy. This article is based, in part, on a thesis submitted by J. F. Rex to the Graduate School of the California Institute of Technology in partial fulfillment of requirements for the degree of Aeronautical Engineer, June 1955. 3 Graduate student in mechanical engineering, jet propulsion option. Stud. Mem. ARS.
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• Numbers in parentheses indicate References at end of paper. A CONSIDERABLE number of theoretical and experimental papers has been published on the burning of single droplets of fuel (1-5). 5 Experimental studies have been performed on single droplets suspended from fine quartz fibers and burning in an oxidizing atomosphere (5) . An approximate theoretical prediction of mass burning rate for single droplets can be obtained on the assumption that mass transport by diffusion to the flame surface and heat conduction to the burning droplet control the burning rate (4) .
Recently an attempt has been made by Graves and Gerstein to utilize experimental data for single droplets in the description of burning rates in sprays (6) . These authors started with the results of an important theoretical study carried out some years ago by Probert (7) . Probert made the following assumptions:
(a) The spray particle size follows the Rosin-Rammler distribution law
where w equals the volume fraction or weight fraction of the spray composed of drops with diameters greater than D J)' is called the size constant, and n is usually referred to as'the distribution constant.
(b) The rate of burning of the droplets is taken to be proportional to the first power of the droplet diameter. In this case it is easily shown that D2 = (DO)2 -K't ................. [2] where D is the droplet diameter at any time DO is the initial d.iame~er, and K', which has the dimensions' of area per unit time, IS known as the evaporation constant.
Probert has shown how to compute the percentage of unburned fuel as a function of yK'tJJ)' for values of n between 2 and 4, where tr is the residence time of the burning droplets. Recently correlations similar to those of Probert have been worked out for droplet distribution laws other than the Rosin-Rammler distribution law (8) . Equation [2] , which determines droplet diameter as a function of time, is known to correlate all of the observed results for the steady burning of single fuel droplets in an oxidizing atmosphere (4) . Therefore, it is of obvious interest to determine whether or not the value of the evaporation constant K', for single droplet theory or experiment has any relation t~ the value of K' appropriate for spray combustion. Graves and Gerstein. attemp~ed to answer this question by measuring t~e combus~lOn effiCiency as a function of oxygen concentratIOn for a slllgie tubular combustor using isooctane as fuel and countercurrent injection. They compared observed combustion efficiencies with calculated combustion efficiencies using Probert's theoretical analysis in conjunction with values of K' measured for the burning of single droplets. This comparison showed that all of the observed results could not be explained unless spray combustion involves effects, at least for ?xygen con?entrati.ons below 24 per cent, which can be ignored III the burnmg of slllgie droplets. In connection with the use of single droplet data for studies on spray combustion, it is ther~fore ~f obvious importance to carry out laboratory studies on lllterference between droplets during burning.
Although, as a general rule, statistical arrays are more easily interpreted than small numbers of droplets, such as 2, 5, etc., experimental studies on small numbers of droplets may provide a clue for the important physico-chemical processes operative in droplet interference during burning. For this reason experiments have been carried out on the variation of K' with droplet size and droplet spacing for two and five closely spaced droplets.
We present in Section II a summary of experimental resultl:l obtained for n-heptane, ethyl alcohol, and methyl alcohol droplets. Attempts at finding simple correlations for the experimentally dctermined evaporation constants are outlined in Section III. Section IV contains some qualitative considerations relating to flame shapes for the burning of single stationary fuel droplets in air. Attempts at clarifying the observed data on the basis of results obtained from dimensional analysis form the subject of Section V. In order to record the flame shape and the decrease in droplet diameter with time, the droplets were suspended on thin quartz fibers which were secured by means of Sauereisen cement to a metal rod. The rod was bent at an angle of 90 degrees and was supported on a stand by means of a clamp. Rods of various diameters were used for different minimum spacin~s between the adjacent surfaces of the droplets, Co (see FIg. 1 ). The fibers were either enclosed in a circular plastic tube of several inches diameter or else were burnt in /Quartl. fibers~. the open air; no significant differences between the burnin" rates were found in the two cases. Single droplets of fuel wer: suspended from the fibers by forcing fuel through a hypodermic needle onto the fiber. The droplets were reasonably spherical as shown, for example, in the photograph of Fig. 2 . The drops were ignited by using either an automobile ignition system, connected to electrodes which straddled the two quartz fibers through holes in the tube (see Fig. 3 ), or else simply by using a match. An electrically driven Arriflex 35-mm movie camera was used for photographing the burning droplets. A 100-watt bulb was placed behind the burning drops. Both a silhouette of the drops and the flame front were visible. A lO-inch adapter tube and telephoto lens were employed in order to obtain as large an image as possible on each frame of film. Kodak Plus X and Kodak Supper XX films were used with apertures of f3.2 to f9.
A stroboscope served as timing standard. A lO-inch circular aluminum plate, with three holes placed 120 degrees apart, was secured to a 75 rpm constant-speed motor giving 3.75 flashes per second. The stroboscope was placed directly behind the burning drops. The camera speed was adjusted to about 25 frames per second.
A 3/32-inch ball bearing was photographed at the beginning of each 100-ft roll of film used. The image served for calibration and was obtained under the same focusing conditions as were used for the burning droplets.
The film was measured by using a microfilm recorder and a steel scale graduated in millimeters. Two measurements were made on each drop, namely, the two perpendicular diameters inclined 45 degrees to the major and minor axes in the plane of observation. The mean value of these two readings was recorded as the "effective diameter" of the droplet. It is easily shown that, if the major and minor axes do not differ greatly, as was the case in our experiments, then the volume of a sphere with the measured effective diameter is not greatly different from that of the prolate spheroid, which actually corresponds to the shape of our droplets. In most cases measurements were taken from ignition to burn-out and recorded approximately every fifth or sixth frame. The flame shape parameters aI, a2, bl , and b2(see Fig. 1 ) were also measured for n-heptane droplets.
B Experimental Results Relating to Flame Shape and
Burning Rate
Experimental studies have been carried out for two stationary n-heptane, ethyl alcohol, and methyl alcohol droplets burning in air. The square; of the droplet diameter, D2, was iGNITION SEC, T=t90 SEC. In several instances, where droplets of greatly different sizes were used, observations were possible on the larger remaining droplet after the smaller droplet had burned out.
In most of these cases the slope of the D2 VS. t curve changed rather abruptly for n-heptane droplets and yielded data in fai.r agreement with the known single droplet results (K' ~ 0.008 cm 2 /sec) after the smaller droplet had burned completely. For droplets of nearly equal diameters (DlO ""-' D 2°) the evaporation constants K/ and K 2' were found to he nearly equal. ~~.
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Co. em In view of the apparent dependence of K' on DO, attempts were made to find a simple function of K' and DO which would depend only on Co or on a known function of Co and DO. An obvious choice is the ratio X" = X'/(DO)2 to which we shall refer as the evaporation frequency.
In Fig. 14 
IV Flame Shapes
The flame shapes for two droplets, as for single droplets, are determined largely by convection currents. A qualitative description of flame shapes can be given on the basis of available experimental measurements.
A Flame Shapes for Single Stationary J<'uel Droplet8
Burning in Air
According to an elaboration 6 of observations by Kumagai and Kimura (9), a realistic description can be obtained for the flame shape surrounding a burning, single, stationary, droplet of fuel in air by allowing for the influences of free convection.
A burning fuel droplet in air must produce free convection currents. In Fig. 17 we show a schematic diagram of the flame shape for a single droplet. We shall assume that the convection velocity corresponds to a uniform flow with velocity U at some distance upstream from the initial, undisturbed, flame front. The combination of burning droplet and convective flow then acts as a souree in a uniform flow field and, at steady burning, establishes the flow pattern corresponding to a half body as lower boundary. The stream surface through the lower stagnation point may be thought of as dividing initially the stream lines originating from the source (fuel droplet) and the stream lines established by eonveetive flow. This situation is, however, unstable, and diffusive transport of oxidizer and fuel aeross the stream surfaee must be established. The tangential flow veloeities at the stream surfaee of fuel vapor and air are initially equal. Presumably coneentration and temperature gradients are established during steady burning in sueh a way that diffusive transport of fuel and oxygen brings a stoiehiometrie mixture roughly to the stream surfaee, thereby making the lower stream surface a flame surface.
Some of the fuel vapor is defleeted around the stream surface and ultimately moves vertically upward through a eylinder of diameter 2b. An air flow is established parallel to the fuel flow, moving with a veloeity which, in first approximation, may be assumed to be uniform and equal to U. Hence eonditions are established for the formation of an overventilated diffusion flame and the flame height h can presumably be caleulated roughly from the classieal treatment of Burke and Sehumann for diffusion flames.
The preceding remarks may be summarized by noting that the effeet of free eonvection is, in first approximation, a distortion of the spherical flame front to a flame surface whose sineemF is known to be proportional to the diameter of the burning fuel droplet. Also b/a should be a constant for a given fuel droplet and oxidizing medium; Kumagai and Kimura (9) 
Although the picture of the formation of a heterogeneous diffusion flame given above seems qualitatively correct, it is apparent that a complete solution of the problem under consideration cannot be obtained without a quantitative analysis of energ~' transport to the droplet from the flame boundaries. However, the qualitative considerations based on the work of Kumagai and Kimura and sketched above suggest that the following important results will be obtained: 
B Flame Shapes fot· Two n-Heptane Droplets Burning in Close Proximity
For two n-heptane droplets burning in close proximity, it has already been noted that ai, b l , a2, and b 2 change very little during droplet burning. Furthermore, reference to the original experimental data shows that the ratio of b to a is not sensibly different from unity and does not seem to depend strongly on Co. In some cases the distances of the flame surbees from the droplet surfaces remained constant during burning (see Fig. 2 ).
The droplet spacing parameter C is, of course, determined through the geometric arrangement. Thus
'" [7] :\eedless to say, the time dependence of C is well represented by Equation [7] .
V Dilllensional Analysis Relating to the Burning of Liquid Droplets
Since the experimental data obtained in the present investigations are not intelligible on the basis of existing theoretical studies for the burning of single fuel droplets (4), it is of interest to re-examine the problem at least qualitatively in an effort to understand the dimensionless groups which govern droplet burning. We take the detailed theoretical studies for single droplets as a guide in this work. In view of the observed importance of chemical effects, which is emphasized by the differences between the alcohols and n-heptane, we cannot expect a complete answer without introducing explicitly dimensionless groups depending on chemical reaction rates. We note, however, that existing theoretical studies must be deficient since, for example, no really satisfactory explanation exists for the variation of burning rate with pressure.
A The Burning of Single Droplets
The burning of a single stationary fuel droplet in an oxidizing atmosphere involves the following 23 variables: Mass burning rate of fuel droplet From the conservation of mass equations it is apparent that
From the analytic solution (4) for Tnp (using constant average values for specific heats and thermal conductivities) it is easily shown that
..... [9] where rl/r e represents the ratio of the radius of the fuel droplet to the radius of the flame surface. The ratio rjre is a complicated function of several of the dimensionless groups listed previously. By utilizing experimental results obtained for the burning of single droplets we are now able to draw some useful qualitative conclusions. The functional relation given in Equation [9] also involves the assumption that convection effects may be neglected in first approximation.
Reference to Equation [9] shows that K' is a linear function of ppDp and of other terms which are pressure independent, except possibly for rl/r e . It has been found experimentally (3) that K' varies as pl/,. Hence, in terms of the simple picture used in the derivation of Equation [9] , it follows that [1 -(rllre)] must vary as p_I/. in order to account for the observed variation of K' with pressure.. In a more general analysis, in which proper allowance is made for radiant heat transfer and which does not involve the assumption that chemical reactions are fast compared with the transport processes, a dependence of K' on pressure may be introduced through the effect of pressure on radiant energy transport or through pressure-sensitive chemical reaction rates. There is an obvious difficulty in attempting to account for the pressure variation of K' through the influence of the Grashof number and free convection currents. Thus, since K' is constant during burning, it must be independent of (droplet or) com- 7 According to the Buckingham Pi theorem, the number of dimensionless groups usually equals the number of variables minus the number of dimensions. There are five dimensions in the present problem: length, time, mass, temperature, heat.
S The Grashof number may well involve the diameter of the combustion surface, 2r" rather than D = 2rl. Since re and rl are related, this change will not affect the following arguments .
.J ET PROPULSION bustion surface diameter. But 'K' is a more sensitive function of this length than of pressure. Therefore, the pressure dependence of K' should probably not be attributed to the in- Questions of this sort are not answered by dimensional studies alone.
C Five Droplets Burning in Close Proximity
Some experimental data have been obtained also for the burning of an array of five ethyl alcohol droplets in air. Four of the droplets were located at the corners of a square and the fifth in the center of the square. The square of the diameter for the droplet surrounded by four other droplets was again found to decrease linearly with time, with the apparent value of K' about 20 per cent larger than for similar studies on two droplets burning in close proximity.!O The work has not yet progressed to the point where the variables determining the absolute value of K' are properly defined.
Conclusions
The most important results obtained in the present investigations are the following: (a) within the limits of experimental accuracy, the evaporation constant K' is invariant with 9 The effect of pressure on convective heat transfer to burning droplets has been discussed, for example, by Wise, Lorell and Wood (Fifth Symp08ium on Combustion, pp. 139-140, Reinhold Publishing Corporation, New York, N. Y.). Goldsmith and Perkins (5) have found that the mass burning rate of single droplets is a weak function of air velocity in forced convection experiments. Finally, current experimental results suggest that K' varies as a weak power of the pressure with the exponent dependent on fuel type. 10 Recent preliminary experiments by Lt. J. Kanevsky on nine droplets arranged in a body-centered cubic lattice have again led to the conclusion that, for the center droplet, the square of drop diameter decreases linearly with time.
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time for two droplets burning in close proximity and also for the center droplet of a five-droplet array; (b) the absolute value of K' is not determined by chemical composition alone but depends also on droplet arrangement. The first conclusion is of considerable practical interest since it supports the type of phenomenological considerations used by Probert for analyzing spray combustion. In general, it appears unlikely that D2 will not decrease linearly with time, in good approximation, for arrays and sprays which are more complicated than those considered by us. The second conclusion underlines the doubts expressed in our introduction about the practical value of results derived from studies on single droplets and simple droplet arrays. In fact, if K' is really dependent on injector design, then it would be better to carry out fundamental studies on spray combustion with injector configurations of the type used in service models. An over-all description of combustion rates in terms of parameters sueh as an average K' for a spray and an average residence time t, for all of the droplets is sufficient for practical purposes. Quantitative predictions of absolute values for K' in sprays must await more detailed understanding of the importance of chemical reaction rates and convection effects than we shall possess for a long time to come.
